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ABSTRACT 

This memorandum deals with the interpretation of 

Digital computer sim- 
the strain gage data received from Surveyor spacecraft during 
their landing on the lunar surface. 
ulations of the Surveyor landing have been carried out using 
a soil model which is consistent with the data obtained from 
Surveyors I and 111. The use of a soil model is of value 
because it provides a means of extending the information 
obtained about the lunar surface to the landings of other 
spacecraft having different dimensions, weights and touch- 
down conditions. 

Analysis of the strain gage data p r o v i d e s  results 
which agree with previous findings, but because of the lack 
of knowledge of the horizontal forces acting on the footpad, 
it is not possible to extend the analysis to determine the 
parameters describing the d e t a i l p d  properties of the soil 
model. 

In addition, the effect of the filter in the strain 
gage telemetry channel is studied. It is found that it does 
not alter the observed traces or the interpretation of the 
data to a significant extent, 
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TECHNICAL MEMORANDUM 

1 . 0  I N T R O D U C T I O N  

1.1 Background 

T h i s  memorandum conc ludes  a s e r i e s  o f  s t u d i e s  which 
have  d e a l t  w i t h  t h e  s i m u l a t i o n  o f  a Surveyor  s p a c e c r a f t  l a n d i n g  
on t h e  l u n a r  s u r f a c e .  T h e  u n d e r l y i n g  pu rpose  o f  t h e s e  s t u d i e s  
has been  t o  i n t e r p r e t  t h e  d a t a  o b t a i n e d  from t h e  Surveyor  
Program i n  terms of  t h e  D r o p e r t i e s  o f  t h e  l u n a r  s u r f a c e  mater ia l .  
The l a n d i n g  per formance  of  t h e  Apol lo  Lunar Module (LM) has a l s o  
been  es t imated ,  p a r t i c u l a r l y  i n  mater ia ls  whose p r o p e r t i e s  were 
chosen  t o  a g r e e  w i t h  t h e  r e s u l t s  of  Surveyor  I .  

The p r e v i o u s l y  r e p o r t e d  work has dea l t  p r i m a r i l y  
w i t h  t h e  p e n e t r a t i o n  of  t h e  Surveyor  f o o t p a d s  i n t o  t h e  l u n a r  
s u r f a c e  d u r i n g  t h e  l a n d i n g  p r o c e s s .  The d e p t h  of  p e n e t r a t i o n  
o f  t h e  f o o t p a d s  can  be measured by means o f  t e l e v i s i o n  p i c t u r e s  
o b t a i n e d  f rom t h e  s p a c e c r a f t  s u b s e q u e n t  t o  i t s  l a n d i n g .  

T h i s  memorandum d e a l s  w i t h  t h e  i n t e r p r e t a t i o n  o f  t h e  
da ta  which a re  o b t a i n e d  from s t r a i n  gages  a t tached t o  the 
c .tii> ve y 0-p shock absor+'uer*s. During t h e  l a n d i n g  of  t h e  s p a c e c r a f t ,  
t h e  f o r c e  l e v e l  i n  e a c h  of  t h e  t h r e e  shock a b s o r b e r s  on t h e  
s p a c e c r a f t  i s  t e l e m e t e r e d  t o  t h e  e a r t h - b a s e d  r e c e i v i n g  s t a t i o n .  
We w i l l  r e f e r  t o  t h e  shock a b s o r b e r  f o r c e  as a f u n c t i o n  of t i m e  

o f  i t s  o r i g i n  i n  t h e  s t r a i n  gage on t h e  shock a b s o r b e r .  
a "stica~i-l gage t i . a c e l t  oi" as t i i e  ! I - . L - - - Z  s L r a i r i  gage data!! b e c a u s e  

Beginning  w i t h  t h e  t h i r d  s p a c e c r a f t  t h e r e  was a change 
i n  t h e  shock  a b s o r b e r  d e s i g n  which p roduces  a s i g n i f i c a n t  e f f e c t  
on t h e  s t r a i n  gage  data.  The shock  a b s o r b e r  f o r  Su rveyor  I 
and t h a t  f o r  Su rveyor  11, which was u n s u c c e s s f u l ,  w i l l  b e  
r e f e r r e d  t o  as  t h e  "o ld"  shock a b s o r b e r ,  and t h a t  f o r  Su rveyor  I11 
and a l l  subsequen t  s p a c e c r a f t  as t h e  "new" shock a b s o r b e r .  
R e s u l t s  f rom b o t h  o f  these  shock a b s o r b e r s  are i n c l u d e d  i n  t h e  
p r e s e n t  s t u d y .  

There a re  two p r i n c i p a l  t e c h n i c a l  s e c t i o n s  t o  t h i s  
memorandum. I n  S e c t i o n  2 ,  t h e  s t r a i n  gage  t r a c e s  g e n e r a t e d  b y  
a computer  s i m u l a t i o n  o f  a Surveyor  s p a c e c r a f t  l a n d i n g  on a model 
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lunar soil are described and compared to the data obtained 
from Surveyor I. In Section 3, the effect of the telemetry 
channel, and specifically the effective passive filter between 
the strain gage itself and the recorded data, is considered. 
Because the effect of the filter on the telemetry channel is 
small, it has been possible to delay this discussion until 
after the strain gage traces themselves have been discussed. 
The second part of the Introduction is concerned with a brief 
discussion of the soil model and the simulation procedures. 

An important feature of this work is the use of a 
realistic soil model to describe the forces between the foot- 
pad and the lunar surface. This allows a description of the 
soil in terms of quantities such as internal friction, cohesion 
and density. Furthermore, the soil model used here includes 
dynamic effects within the soil. 

In our case, the use of a soil model is important 
because it provides a direct way of predicting force levels 
for footpads with dimensions different from those of Surveyor. 
In general, the bearing capacity of a soil depends on the size 
of the footpad, and it is only through the properties of the 
soil model that one is able to extrapolate the properties 
deduced from Surveyor data to an estimate of the performance 
of a LM landing on the moon. The value of the extrapolation 
naturally depends on the adequacy of the soil model in de- 
scribing the behavior of the lunar soil. The soil model 
which has been used in these studies appears to be consistent 
with all observations obtained by Surveyor I and Surveyor 111. 
However, the soil model should at this stage only be considered 
to be a working hypothesis. 

Considerable work has previously been done both by 
3 Sperling and Garba at JPL and by Jones at Hughes Aircraft 

Company on the interpretation of strain gage traces from 
Surveyor. They have also developed computer simulation pro- 
grams for the Surveyor landing, and have used a much more 
cnmp1et.e model of the spacecraft than has been possible in 
the studies reported here. Perhaps the most significant ad- 
vantage in their studies is the freedom to consider landings 
on sloping surfaces. The simulations reported here require 
the spacecraft r o l l  axis to remain fixed parallel to the 
gravity vector and requires that the landing surface be horizontal. 
A disadvantage of the JPL and Hughes studies is that they have 
not utilized s o i l  models, but instead have described the sur- 
face in terms of its strength for a Surveyor footpad. 

4 
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1.2 Simulation Procedures 

In this section a brief res1 me of the techniqi es 
used in the computer simulation will be given. There are 
three separate topics to be considered: the soil model, the 
spacecraft model including a description of the shock absorber 
model (both old and new shock absorbers), and the simulation 
procedure itself. The reader will be referred elsewhere for 
more complete information than is given in this section. 

The soil model which has been used in these simula- 
tions represents the behavior of an incompressible material 
such as sand. The flow pattern of the soil is shown in Figure 1. 
The calculation of the force resisting the penetration of the 
footpad includes the dynamic effects arising from the accelera- 
tion of the mass of soil in the fiow pattern. 

The soil is described in terms of an internal friction 
angle Q, a density p ,  and a cohesion e. 
given a more complete description of the soil model. Tables 
which relate the internal friction angle, the density and the 
cohesion to bearing capacity and dynamic forces for both a 
Surveyor and a LM sized footpad are given in Reference 1. 

Chandeysson ( 5 )  has 

The spacecraft itself is divided into three parts: 
the main spaceframe, the landing leg assembly (including the 
shock absorber) and the footpad. Both the landing leg assembly 
and the footpad are taken to be massless in the simulation. 
A schematic diagram of a landing leg assembly is shown in 
Figure 2. There are three landing legs located at equal angles 
about the spaceframe. 

We consider only landings in which the velocity of 
the spacecraft is vertical, the footpads touch simultaneously 
on a h o r i z o i i t a l  sixfaez, ai?d the sui-face material is the same 
under each footpad. In this circumstance, we need follow the 
motion of only a single shock absorber and landing leg, since 
all three behave identically. Because of the orientation of 
the spacecraft velocity and attitude relative to the surface, 
we will refer to the simulation as one dimensional, although 
the geometry of the landing gear is correctly taken into account. 
Reference to Figure 2 will show that this is inherently two 
dimensional. 

The soil model itself is based upon the assumption 
that the footpad penetrates vertically into the surface. 
Such motion is in general not possible because the stroking 
motion of the landing gear alters the distance between the 
footpad and the spaceframe. However, if the spacecraft 
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d e s c e n d s  v e r t i c a l l y ,  t h e  h o r i z o n t a l  mo t ion  o f  t h e  f o o t p a d  
has a maximum r a n g e  o f  two i n c h e s .  I n  compar ison ,  t h e  
bo t tom o f  t h e  f o o t p a d  has a d i a m e t e r  o f  8 i n c h e s .  Thus 
i f  t h e  s p a c e c r a f t  i t s e l f  has no h o r i z o n t a l  v e l o c i t y ,  t h e  
h o r i z o n t a l  mot ion  o f  t h e  f o o t p a d  i s  of such  l i m i t e d  e x t e n t  
t h a t  t h e  mot ion  would n o t  be e x p e c t e d  t o  a l t e r  t h e  f l o w  
p a t t e r n  t h a t  i s  t h e  basis of t h e  s o i l  model.  

The s o i l  model p r o v i d e s  i n f o r m a t i o n  o n l y  a b o u t  
t h e  v e r t i c a l  f o r c e  e x e r t e d  on t h e  f o o t p a d .  There  i s  i n  
a d d i t i o n  t h e  p o s s i b i l i t y  t h a t  t h e  s o i l  e x e r t s  h o r i z o n t a l  
f o r c e s  on t h e  f o o t p a d .  Such f o r c e s  a r i s e  b e c a u s e  o f  f r i c t i o n  
a n d ,  where t h e  f o o t p a d  has p e n e t r a t e d  t h e  s u r f a c e ,  b e c a u s e  
t h e  f o o t p a d  must plow th rough  t h e  s o i l .  No model has y e t  been  
d e v e l o p e d  t o  d e s c r i b e  t h e  h o r i z o n t a l  f o r c e s  i n  terms o f  t h e  
s o i l  i n t e r a c t i o n .  Most of t h e  s i m u l a t i o n s  were made w i t h  t h e  
a s s u m p t i o n  t h a t  no h o r i z o n t a l  f o r c e s  were e x e r t e d  on t h e  f o o t -  
pad .  The d e v i a t i o n s  to be  e x p e c t e d  from t h e  r e s u l t s  due  t o  
t h e  p r e s e n c e  o f  h o r i z o n t a l  f o r c e s  were es t imated by c a l c u l a t i n g  
t h e  f o r c e  as i f  i t  were due t o  o r d i n a r y  f r i c t i o n  w i t h  a n  
a r b i t r a r i l y  a s s i g n e d  c o e f f i c i e n t  of  f r i c t i o n .  It has a l ready  
b e e n  shown t h a t  h o r i z o n t a l  f o r c e s  do n o t  s i g n i f i c a n t l y  a f f e c t  
t h e  f o o t p a d  p e n e t r a t i o n  d a t a  i n  t h e  r a n g e  o f  i n t e r e s t  t o  S u r v e y o r .  

The f o r c e  e x e r t e d  by t h e  f o o t p a d  on t h e  s p a c e c r a f t  
i s  modera ted  by t h e  shock  a b s o r b e r .  The f o r c e  i n  t h e  shock 
a b s o r b e r ,  which i s  t h e  f o r c e  measured b y  t h e  s t r a i n  g a g e ,  de- 
pends  o n l y  on t h e  d i s t a n c e  the  shock  a b s o r b e r  has s t r o k e d  
( t h e  s p r i n g  f o r c e )  and t h e  s t r o k e  r a t e  ( t h e  damping f o r c e ) .  The  
model  o f  t h e  new shock a b s o r b e r  i n c l u d e s  a f r i c t i o n  f o r c e  
which changes  d i s c o n t i n u o u s l y  when t h e  s t r o k e  r a t e  changes  s i g n .  

The damping f o r c e  i s  t h e  p r o d u c t  o f  a damping c o e f f i c i e n t  
t imes  t h e  s q u a r e  of  t h e  s t r o k e  r a t e ,  and i s  d i r e c t e d  o p p o s i t e  
t o  t h e  mot ion .  The damping c o e f f i c i e n t  v a r i e s  w i t h  t h e  s t r o k e ,  
and  i s  shown i n  F i g u r e  3 for b o t h  t h e  o l d  and new shock  a b s o r b e r .  
The s p r i n g  f o r c e  i s  i l l u s t r a t e d  i n  F i g u r e  4 .  The f o r c e s  g i v e n  
i n  t h e  f i g u r e s  r e f e r  t o  f o r c e s  i n  t h e  shock  a b s o r b e r  i t s e l f .  
The v e r t i c a l  f c r c e  e x e r t e d  on t h e  s p a c e c r a f t ,  which d e t e r m i n e s  
t h e  a c c e l e r a t i o n  a l o n g  t h e  d i r e c t i o n  of  mot ion ,  must b e  d e t e r -  
mined f rom t h e  shock  a b s o r b e r  f o r c e  w i t h  r e g a r d  t o  t h e  i n s t a n t a n e o u s  
geometry  of  t h e  l a n d i n g  g e a r  a s s e m b l y .  

t h r o u g h  c r u s h  b l o c k s  which a r e  l o c a t e d  b e n e a t h  e a c h  l a n d i n g  
leg ( s e e  F i g u r e  2 ) .  
t h e  s i m u l a t i o n s .  

I n  a d d i t i o n ,  t h e  s p a c e c r a f t  i n t e r a c t s  w i t h  t h e  s u r f a c e  

T h i s  i n t e r a c t i o n  i s  t a k e n  i n t o  a c c o u n t  i n  
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There are two modes of calculation in the simula- 
tion. When the force levels are below the pre-load force of 
the shock absorber at their zero stroke position, the space- 
craft behaves as a rigid body, and we will speak of the rigid 
mode. In other circumstances, the force exerted on the space- 
craft is determined by the stroke and stroke rate of the shock 
absorber; this is termed the active mode. 

The calculations proceed in the following way. At 
any given time, the position and velocity of both the spaceframe 
and the footpads are known. Through the use of the soil model 
and the shock absorber model, the relevant forces and accelera- 
tions can be determined at the particular time. It is assumed 
that these remain constant for a short period of time, here 
taken to be .0002 seconds, and the condition of the spacecraft 
at the end of the interval can be determined. The process is 
repeated until the significant motion of the spacecraft is 
completed. 

Reference 1 contains a more complete discussion of 
the simulation procedure and of the behavior of the old shock 
absorber. Reference 2 describes in more detail the characteris- 
tics of the new shock absorber. 

The spacecraft parameters used in the simulation 
are listed in Table I. They have been chosen to correspond t o  
the landing conditions of Surveyor I. The landing of Surveyc)y I 
corresponded closely to the simplifying assumptions about attitude, 
velocity and surface slope upon which this study is based. Sub- 
sequent Surveyors have had more complicated landings and the re- 
s ! L l t s  giver! here m e  qplicahle to t h o s e  missions only in a general 
sense. 

In any event, the only parameters entering into the 
simulation which weuld v a r y  f rom mission to mission are the 
vertical velocity at touchdown and, to a lesser extent, the 
spacecraft mass. The sensitivity of the results to variation 
of the touchdown velocity will be discussed in the next section. 

2.0 STRAIN GAGE TRACES 

2.1 Description 

The strain gage traces presented here were plotted 
automatically from the simulation data by the computer program. 
One point every ,005 seconds was plotted. While this was 
adequate to show the overall shape of the curve of strain 
gage force versus time, very rapid changes, such as the 
oscillations which will be discussed below, may be distorted 
in the graph. 
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A computed s t r a i n  gage t r a c e  for t h e  o l d  shock  a b s o r b e r  
i s  shown i n  F i g u r e  5; t h e  p r i n c i p a l  f e a t u r e s  are  l abe led .  A 
s imi la r  g r a p h  f o r  t h e  new shock a b s o r b e r  i s  g i v e n  i n  F i g u r e  6 .  

The i n i t i a l  v a l u e  o f  t h e  s t r a i n  gage f o r c e  has t h e  
same v a l u e  i n  a l l  c a s e s  where t h e r e  i s  no h o r i z o n t a l  f r i c t i o n  
and where t h e  touchdown v e l o c i t y  i s  t h e  same. T h i s  v a l u e  of  
t h e  f o r c e ,  f o r  t h e  touchdown v e l o c i t y  u s e d  i n  t h i s  s t u d y ,  i s  
830 pounds f o r  t h e  o l d  shock a b s o r b e r  and 1530  pounds f o r  t h e  
new. The f o r c e  a t  z e r o  t ime  i s  p r i m a r i l y  dependent  on t h e  
i n i t i a l  c o n d i t i o n s  assumed f o r  t h e  s i m u l a t i o n ,  and has no 

t '  dr n s  a re  t h a t  t h e  f o o t p a d s  are  -- a t  r e s t  ( i n  t h e  v e r t i c a l  
d i r e c t i o n )  on t h e  s o i l ,  w i t h  t h e  space f rame  moving down- 
ward w i t h  t h e  g i v e n  i n i t i a l  v e l o c i t y .  These  c o n d i t i o n s  a re  
c o n s i s t e n t  w i t h  t h e  assumpt ion  o f  n e g l i g i b l e  (or z e r o )  mass 
a . s s o c i a t e d  w i t h  t h e  f o o t p a d s  and  l a n d i n g  g e a r  a s sembly ,  pro-  
v i d e d  a l s o  t h a t  t h e  mass o f  s o i l  i n  t h e  f l o w  p a t t e r n  i s  non- 
z e r o .  

ndence on t h e  p r o p e r t i e s  of t h e  s o i l .  The i n i t i a l  cond i -  

Although t h e  f o o t p a d  i s  a t  r e s t  i n  t h e  v e r t i c a l  
d i r e c t i o n  a t  t i m e  z e r o ,  h o r i z o n t a l  mo t ion  of  t h e  f o o t p a d  i s  
r e q u i r e d  b e c a u s e  of  t h e  s t r o k i n g  a c t i o n  of  t h e  shock  a b s o r b e r .  
I n  c a s e s  where h o r i z o n t a l  f r i c t i o n  i s  assumed,  t h e r e  i s  a 
c o n t r i b u t i o n  a t  z e r o  t i m e  and t h e  i n i t i a l  v a l u e  o f  t h e  s t r a i n  
gage  f o r c e  i s  s l i g h t l y  a l t e r e d .  

I n  F i g u r e  6 ,  t h e  s t r a i n  gage f o r c e  decays  from 
i t s  i n i t i a l  v a l u e  and goes  t h r o u g h  a l o c a l  minimum. Both t h e  
i n i t i a l  v a l u e  of t h e  f o r c e  and its subsequen t  decay are  a r t i -  
f a c t s  o f  t h e  s i m u l a t i o n  and a r i s e  b e c a u s e  nf  t.he p a . r t i c u l a r  
c h o i c e  o f  i n i t i a l  c o n d i t i o n s  which have been  u s e d .  T h e  p r e s e n c e  
o f  mass i n  t h e  f o o t p a d  and f l e x i b i l i t y  i n  t h e  l a n d i n g  l e g  members, 
as w e l l  as  t h e  o b v i o u s l y  f i n i t e  f r e q u e n c y  r e s p o n s e  o f  t h e  s t r a i n  
gzgz i t s e l f ' ,  w=uld l e a d  t o  ar! i r ! i t . i a l  r e c o r d e d  f o r c e  l e v e l  o f  
z e r o .  The s t r a i n  gage f o r c e  which would p r o b a b l y  b e  o b s e r v e d  
f rom a r e a l  shock  a b s o r b e r  i s  shown as a d o t t e d  l i n e  i n  F i g u r e  6 .  

I n  t h e  c a s e  of t h e  new shock  a b s o r b e r ,  a change i n  
t h e  d i r e c t i o n  o f  s t r o k i n g  o f  t h e  shock  a b s o r b e r  p r o d u c e s  a 
d i s c o n t i n u o u s  change i n  t h e  s t r a i n  gage f o r c e  b e c a u s e  t h e  
f r i c t i o n  f o r c e  changes  s i g n  when t h e  s t r o k e  r a t e  d o e s .  A 
s imi la r  d i s c o n t i n u i t y  does n o t  o c c u r  f o r  t h e  o l d  shock  a b s o r b e r  
s i n c e  no f r i c t i o n a l  f o r c e s  were i n c l u d e d  i n  t h a t  model.  

The d i s c o n t i n u o u s  change  i n  t h e  s t r a i n  gage  f o r c e  i s  
r e a d i l y  a p p a r e n t  i n  F i g u r e  6 .  A s  may be s e e n  i n  t h i s  F i g u r e  
a p e r i o d  o f  o s c i l l a t i o n  o c c u r s  i n  t h e  s i m u l a t i o n .  The shock  
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a b s o r b e r  mot ion  v a r i e s  between p o s i t i v e  and n e g a t i v e  s t r o k e  
ra tes ,  and t h i s  r e s u l t s  i n  a s e r i e s  o f  d i s c o n t i n u o u s  changes  
i n  t h e  f o r c e .  S i n c e  o n l y  eve ry  t w e n t y - f i f t h  computed p o i n t  
i s  p l o t t e d ,  t h e  g r a p h s  do not  i n  g e n e r a l  r e p r e s e n t  a n  a c c u r a t e  
p i c t u r e  of t h e  o s c i l l a t i o n ,  and i n  most f i g u r e s  such  r e g i o n s  
of o s c i l l a t i o n  w i l l  be  r e p l a c e d  by c r o s s - h a t c h i n g .  

The o s c i l l a t i o n s  do n o t  o c c u r  i n  a l l  c a s e s ,  b u t  
o n l y  when t h e  f o o t p a d s  are s t i l l  p e n e t r a t i n g  t h r o u g h  t h e  s o i l  
a t  t h e  t i m e  when t h e  r e l a t i v e  v e l o c i t y  between t h e  space f rame  
and t h e  f o o t p a d s  a p p r o a c h e s  z e r o .  The o s c i l l a t i o n  t e r m i n a t e s  
as soon as t h e  f o o t p a d s  comes to r e s t .  The phenomenon a r i s e s  
b e c a u s e  t h e  d i s c o n t i n u o u s  change i n  t h e  shock  a b s o r b e r  f o r c e  
i s  s u f f i c i e n t  t o  a l t e r  t h e  t r e n d  o f  t h e  r e l a t i v e  mot ion  be tween 
t h e  f o o t p a d  and space f rame .  

The o s c i l l a t i o n  i s  n o t  a d e f e c t ,  b u t  r a t h e r  a n  a r t i -  
f a c t  o f  t h e  s i m u l a t i o n .  For t h e  a c t u a l  s p a c e c r a f t ,  t h e  f l e x i -  
b i l i t y  of  t h e  l a n d i n g  l e g ,  t h e  mass o f  t h e  l a n d i n g  g e a r  
assembly  and t h e  t r u e  b e h a v i o r  o f  t h e  f r i c t i o n a l  f o r c e  would 
a c t  t o  remove t h e  d i s c o n t i n u o u s  change i n  t h e  f o r c e .  

A t  t h i s  p o i n t ,  w e  a r e  p r e p a r e d  to s t u d y  t h e  e f f e c t  
on t h e  s t r a i n  gage  t r a c e s  caused b y  t h e  i n t r o d u c t i o n  o f  
h o r i z o n t a l  f o r c e s  a t  t h e  f o o t p a d .  The e f f e c t  i s  shown f o r  
t h e  o l d  shock  a b s o r b e r  i n  F i g u r e s  7 ,  8 and 9. F i g u r e  7 i s  f o r  
a v e r y  s t r o n g  s o i l ,  which i s  no t  p e n e t r a t e d  b y  e i t h e r  t h e  
Surveyor  f o o t p a d  or c r u s h  b lock .  
t o  b e  c o n s i s t e n t  w i t h  Surveyor  I p e n e t r a t i o n  da ta ,  (I) and 
F i g u r e  9 i s  f o r  a weaker soil which a l l o w s  a Surveyor  f o o t  
pad p e n e t r a t i o n  of  a b o u t  1 f o o t .  The p a r a m e t e r s  o?’ t h e  soil 
model u sed  i n  these  s i m u l a t i o n  a re  i n d i c a t e d  on t h e  f i g u r e s .  

F i g u r e  8 i s  a s o i l  chosen  

Cor re spond ing  c u r v e s  a re  shown f o r  t h e  new shock  
a b s o r b e r  i n  F i g u r e  1 0  for t h e  s t r o n g  s o i l ,  i n  F i g u r e  11 for 
t h e  modera te  s t r e n g t h  s o i l ,  and i n  F i g u r e  1 2  f o r  t h e  weak s o i l .  

The h o r i z o n t a l  f o r c e s  are  c a l c u l a t e d  u s i n g  a co- 
e f f i c i e n t  of f r l c t i o i l ;  that i s ,  t h e  h c r i z z n t a l  f o r c e s  are  
t a k e n  t o  be p r o p o r t i o n a l  t o  t h e  v e r t i c a l  f o o t p a d  f o r c e  w i t h  
a c o n s t a n t  o f  p r o p o r t i o n a l i t y  g i v e n  b y  t h e  c o e f f i c i e n t  o f  
f r i c t i o n .  It i s  n o t  s u g g e s t e d  here  t h a t  t h i s  i s  a n  a d e q u a t e  
r e p r e s e n t a t i o n  of t h e  a c t u a l  f o r c e s ;  r a t h e r ,  t h e  u s e  o f  a 
c o e f f i c i e n t  o f  f r i c t i o n  i s  on ly  a c o n v e n i e n t  way t o  g e n e r a t e  
h o r i z o n t a l  f o r c e s  o f  v a r i o u s  magn i tudes  i n  o r d e r  t o  e x p l o r e  
t h e i r  e f f e c t  on t h e  s t r a i n  gage t r a c e .  

I t  may b e  s e e n  i n  F i g u r e s  7 t h r o u g h  1 2  t ha t  h o r i z o n t a l  
f o r c e s  o f  a magni tude  e q u a l  t o  t h e  v e r t i c a l  f o r c e s  (IJ = 1) do 
i n d e e d  s i g n i f i c a n t l y  a l t e r  t h e  q u a n t i t a t i v e  v a l u e s  of  t h e  s t r a i n  
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" gage  t r a c e  w h i l e  n o t  a f f e c t i n g  t h e  o v e r a l l  shape  of  t h e  c u r v e  
t o  a l a r g e  e x t e n t .  T h i s  i s  u n f o r t u n a t e  b e c a u s e ,  as  w e  s h a l l  
see i n  t h e  n e x t  s e c t i o n ,  t h e s e  changes  are s imilar  t o  t h o s e  
produced  by a v a r i a t i o n  o f  t h e  s o i l  p a r a m e t e r s .  The re  i s  no 
a p p a r e n t  way t o  s e p a r a t e  e f f e c t s  produced  b y  h o r i z o n t a l  f o r c e s  
f rom t h o s e  which d i s c r i m i n a t e  be tween s o i l s  o f  d i f f e r e n t  pro-  
p e r t i e s .  

2 .2  R e s u l t s  

I n  t h i s  s e c t i o n ,  t y p i c a l  s t r a i n  gage  t r a c e s  f o r  a 
v a r i e t y  of  s o i l  c o n d i t i o n s  w i l l  be  p r e s e n t e d ,  and a compar ison  
made w i t h  t h e  d a t a  o b t a i n e d  f rom Surveyor  I .  We w i l l  t h e n  
c o n s i d e r  b r i e f l y  t h e  problem of i n t e r p r e t a t i o n  o f  s t r a i n  
gage  t r a c e s .  

F i g u r e  1 3  i l l u s t r a t e s  t h e  v a r i a t i o n  o f  t h e  s t r a i n  
gage  t r a c e  as a f u n c t i o n  o f  t h e  b e a r i n g  c a p a c i t y  of  t h e  s o i l  
i n  t h e  c a s e  of t h e  o l d  shock a b s o r b e r .  The i n t e r n a l  f r i c t i o n  
a n g l e  o f  t h e  s o i l  i s  30" and t h e  d e n s i t y  i s  3 s l u g s / f t 3 ;  t h e  
c o h e s i o n  i s  v a r i e d  t o  a d j u s t  t h e  b e a r i n g  c a p a c i t y .  The c u r v e s  
a r e  g i v e n  f o r  t h e  same s o i l  p a r a m e t e r s  b u t  f o r  t h e  new shock  
a b s o r b e r  i n  F i g u r e  1 4 .  The s i g n i f i c a n t  f e a t u r e  o f  t h e s e  
c u r v e s  i s  t h e  g e n e r a l  t r e n d  t h a t  as t h e  b e a r i n g  s t r e n g t h  i n c r e a s e s ,  
t h e  maximum f o r c e  o f  t h e  s t r a i n  gage  t r a c e  i n c r e a s e s  and i t s  
t i m e  d u r a t i o n  d e c r e a s e s .  

I n  p r e v i o u s  work, t h e  d e p t h  of  p e n e t r a t i o n  o b s e r v e d  i n  
t h e  l a n d i n g  of Surveyor  I was used  t o  s e l e c t  s e t s  o f  s o i l  p a r a m e t e r s .  
These se t s  a re  l i s t e d  i n  T a b l e  11. C l e a r l y  a cont inuum of 
s u c h  s e t s  o f  p a r a m e t e r s  i s  p o s s i b l e ,  b u t  t h e  s e t s  l i s t e d  i n  
T a b l e  I1 w i l l  b e  t a k e n  as a r e p r e s e n t a t i v e  sample o f  p o t e n t i a l  
l u n a r  s o i l s .  It i s  i n t e r e s t i n g  t o  d e t e r m i n e  t h e  e x t e n t  t o  which 
t h e  s t r a i n  gage t r a c e  da ta  cou ld  be used  t o  d i s c r i m i n a t e  among 
t h e s e  s e t s .  T h i s  i s  done f o r  t h e  o l d  shock  a b s o r b e r  (Surveyor  I )  

i n  F i g u r e  1 5  f o r  a s o i l  d e n s i t y  o f  1 s l u g / f t 3 ,  and i n  F i g u r e  1 6  
for a s o i l  d e n s i t y  of 3 s i u g s / f t 3 .  
s e t s  o f  s o i l  p a r a m e t e r s  l i s t e d  i n  T a b l e  I1 b u t  n o t  g i v e n  i n  t h e  
f i g u r e  are  v e r y  n e a r l y  i d e n t i c a l  ( f o r  b o t h  d e n s i t i e s )  t o  t h e  
c u r v e s  f o r  t h e  i n t e r n a l  f r i c t i o n  a n g l e  o f  O o .  

S t y a i r :  gage  t r a c e s  f o r  t h o s e  

Comparison o f  t h e  two f i g u r e s  r e v e a l s  t h a t  t h e r e  
e x i s t s  a t  most a small  d i f f e r e n c e  among t h e  t r a c e s  f o r  
v a r i o u s  s e t s  of  s o i l  p a r a m e t e r s .  These data p r o v i d e  no basis  
f o r  u s i n g  s t r a i n  gage  t r a c e s  t o  seek d e t a i l s  o f  t h e  l u n a r  
s o i l  p a r a m e t e r s  f o r  t h e  c o n d i t i o n s  modeled he re .  
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S i m i l a r  c u r v e s  f o r  t h e  new shock  a b s o r b e r  a re  shown 
i n  F i g u r e s  17  and 1 8 .  While t h e  s i m u l a t e d  data shows greater  
d i f f e r e n c e s ,  compared t o  t h a t  f o r  t h e  o l d  shock  a b s o r b e r ,  t h e  
d i f f e r e n c e s  do  n o t  a p p e a r  t o  be o f  a d e q u a t e  degree t o  s e r v e  
as a d i s c r i m i n a n t  among t h e  s e t s  of  s o i l  p a r a m e t e r s  g i v e n  
i n  Tab le  11. 

There  i s  a n o t h e r  way t o  s t u d y  t h i s  t o p i c .  
It may be  s e e n  t h a t  a l l  t h e  s t r a i n  gage t r a c e s  have t h e  
same g e n e r a l  shape.  Apar t  from d e t a i l e d  s t r u c t u r e ,  which 
w e  w i l l  i g n o r e ,  t h e y  r i s e  t o  a s i m p l e  maximum and t h e n d e c a y .  
L e t  u s  t ake  t h e  maximum o f  a t r a c e  as  t h e  s o l e  measure o f  
t h e  t r a c e .  It has a l ready  been  n o t e d  t h a t  t h e  t i m e  d u r a t i o n  
o f  t h e  t r a c e  i n c r e a s e s  a s  t h e  maximum o f  t h e  f o r c e  d e c r e a s e s ,  
so t h a t  i t  i s  n o t  u n r e a s o n a b l e  t o  assume t h a t  t h e  maximum f o r c e  
c o n t a i n s  most o f  t h e  i n f o r m a t i o n  a v a i l a b l e  i n  a g i v e n  t r a c e .  
T h i s  a s s u m p t i o n  w i l l  have g rea t e r  v a l i d i t y  i n  t h e  p r e s e n c e  of  
n o i s e ,  as i n  t h e  c a s e  of  t h e  a c t u a l  data ,  s i n c e  n o i s e  w i l l  
o b s c u r e  much of  t h e  d e t a i l e d  shape o f  t h e  s t r a i n  gage t r a c e .  
Even i f  t h e  d e t a i l s  o f  t h e  a c t u a l  t r a c e s  were a c c e s s i b l e ,  i t  
would n o t  b e  r e a l i s t i c  t o  e x p e c t  t h e  s i m u l a t i o n  t o  r e p r o d u c e  
them s i n c e  t h e  s i m u l a t i o n  u s e s  o n l y  a v e r y  s i m p l i f i e d  model o f  
t h e  s p a c e c r a f t .  

Care must b e  e x e r c i s e d  i n  e x t r a c t i n g  t h e  maximum 
i n  c e r t a i n  c i r c u m s t a n c e s .  A s  w e  e x p l a i n e d  p r e v i o u s l y ,  t h e  
i n i t i a l  v a l u e  of  t h e  s t r a i n  gage  f o r c e  i s  f i x e d  b y  t h e  i n i t i a l  
c o n d i t i o n s  and i s  t h e r e f o r e  somewhat a r b i t r a r y .  I n  some c a s e s ,  
e s p e c i a l l y  for s o i l s  w i t h  low b e a r i n g  c a p a c i t y ,  t h e  i n i t i a l  
v a l u e  i s  t h e  maximum s t r a i n  gage f o r c e .  However, t h e  d e s i r e d  
maximum i s  the  local maximum which G C C L W S  s u b s e q u e n t l y  ( see ,  
f o r  example,  t h e  c u r v e s  i n  F i g u r e  9). 

The peak s t r a i n  gage f o r c e  f o r  v a r i o u s  v a l u e s  of t h e  
i r i ierr ia i  f’iiictl0i-i ai-igle i s  p l ~ t t e d  as a functinn n f  t h e  surface 
s t a t i c  b e a r i n g  c a p a c i t y  i n  F i g u r e  19 f o r  t h e  o l d  shock  a b s o r b e r  
and  i n  F i g u r e  20 f o r  t h e  new. The b e a r i n g  c a p a c i t y  s c a l e  i s  
s p e c i f i c  t o  t h e  Surveyor  f o o t p a d ;  t h e  b e a r i n g  c a p a c i t y  i s  
d e r i v e d  from t h e  s o i l  parameters b u t  depends  on t h e  d imens ion  
o f  t h e  p e n e t r a t i n g  o b j e c t .  

These c u r v e s  i l l u s t r a t e  t h e  s e n s i t i v i t y  of t h e  
s t r a i n  gage t r a c e  t o  b o t h  t h e  b e a r i n g  s t r e n g t h  of  t h e  soil 
and t o  t h e  i n t e r n a l  f r i c t i o n  a n g l e .  For s o i l s  h a v i n g  a 
b e a r i n g  c a p a c i t y  o f  g r e a t e r  t h a n  abou t  1 0  p s i  ( s p e c i f i c a l l y  
9 .8  p s i  for t h e  o l d  and 9 . 6  p s i  for t h e  new shock a b s o r b e r ) ,  
t h e  maximum p r e s s u r e  l e v e l  a t  t h e  f o o t p a d  i s  l e s s  t h a n  t h e  
s u r f a c e  b e a r i n g  s t r e n g t h  of t h e  s o i l  and no f o o t p a d  p e n e t r a t i o n  
o c c u r s .  The c r u s h  b l o c k s ,  on t h e  o t h e r  hand,  e x e r t  a maximum 
p r e s s u r e  o f  40  p s i  and s o  p e n e t r a t e  any s o i l  h a v i n g  a smaller 
b e a r i n g  c a p a c i t y .  Between 1 0  and 4 0  p s i ,  changes  i n  t h e  s o i l  
b e a r i n g  c a p a c i t y  produce  s u b t l e  changes  i n  t h e  decay  o f  t h e  
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strain gage trace. However, these changes do not alter the 
maximum of the strain gage trace as is apparent in Figures 19 
and 20. 

If the surface bearing capacity of the soil has been 
measured by some other technique, such as a determination of 
the footpad penetration, and it is less than 10 psi, it is 
conceptually possible in some circumstances to obtain a value 
for the internal friction angle through a determination of the 
maximum strain gage force, if the horizontal forces may be 
neglected as they have been in the simulation. It is well 
to consider how the preceeding information is altered by the 
presence of horizontal forces at the footpad. This is done 
in Figure 21 and 22 for the old and new shock absorber, re- 
spectively. It is immediately clear that the presence of 
horizontal forces equal in magnitude to the vertical forces 
will significantly change the maximum strain gage force, and 
mask any sensitivity to the internal friction angle of the 
soil. Unfortunately, the spacecraft data do not provide an 
indication of the value of the horizontal forces. It  must 
be left to intuition to decide whether a coefficient of friction 
of unity provides a low, reasonable or excessive estimate of 
the actual horizontal forces. The important conclusion is, 
however, that the strain gage maximum can be appreciably 
affected by horizontal forces which are not so large as to 
be inconceivable. 

Consequently, it appears that the strain gage data 
cannot be used to further our understanding of the soil 
properties. This result arises from a lack of knowledge of 
the horizontal I 'orces  011 the f o o t p a d .  A r e a l i z t i c :  mzde l  of 
the horizontal forces would be of great value in ext3nding 
the usefulness of the strain gage data. 

- 3 .  l I l e  - details of' +L* n t n ~ i n  m 9 n - n  ' r w 3 p e q  
b I l C  O W L  U l l ,  bU&b "A W V I V  , and specifically 

the maximum strain gage force, vary with the touchdown velocity 
of the spacecraft. The variation of the maximum force is shown 
in Figure 23.  The touchdown velocity varied from mission to 
mission. A value of 11.7 ft/sec, corresponding to the result 
from Surveyor I, has been used on the remainder of the simulations 

We are now prepared to compare the simulated strain 
gage traces for the old shock absorbers with the data from 
Surveyor. The landings of Surveyors I11 and V were asymmetric; 
that is, the different landing legs on each spacecraft impacted 
and stroked in an individual manner. Since symmetry is an 
important assumption of this study, detailed consideration of 
those data is not possible in this study. Surveyors VI and VI1 
were flown after the simulations reported here were completed. 
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The original data from Surveyor I are shown in 
Figure 24. Leg 3 has not been included because of the Cali- 
bration uncertainty for that leg. ( 3 )  The maximum strain gage 
force is approximately 1400 pounds for leg 1 and 1600 pounds 
for leg 2. Comparison of these numbers with the results pre- 
sented in Figure 19 shows that these data are consistent with 
a bearing strength of between 6 and 8 psi and an internal 
friction angle between O o  and 40°, if horizontal forces are 
neglected. 

A comparison between the observed and simulated 
strain gage data is given in Figure 25 f o r  leg 1. The curve 
for the observed data has been highly smoothed from the original 
data, which contained considerable noise, and the curve has been 
translated in time to obtain the best fit. It is apparent that 
the simulated strain gage force does not decay as rapidly as 
the actual force. A better overall fit is obtained with harder 
surfaces, although this is accomplished at the expense of dis- 
agreement with the peak force levels. 

All of the comparisons with the Surveyor I data have 
been carried out at a soil density of 3 slugs/ft3, which is sug- 
gested by Scott and Roberson (6) on the basis of a preliminary 
analysis of data from the Surveyor I11 Soil Mechanics Surface 
Sampler Experiment. They also suggest an internal friction 
angle of 39" and a cohesion of .02 psi; this corresponds to a 
surface bearing capacity for a Surveyor footpad of about 5.5 psi. 
The estimates obtained from comparison of the strain gage data 
from Surveyor I with the simulated results are in agreement with 
the estimates of Scott and Roberson, and with the estimate of 
6 psi for the surface bearing capacity'') obtained by comparison 
of simulated landings with the footpad penetration data of 
Surveyor I. 

3.0 STRAIN GAGE FILTER 

The strain gage traces obtained from the Surveyor 
spacecraft represent not the actual force levels in the strain 
gage, but the force level time history as modified by a series 
of elements each of which alters the signal in some fashion. 
The strain gage itself is not a perfect transducer, and every 
element in the transmission and reception system imposes its 
characteristic response on the observed traces. In this 
section we will estimate the effect of the filters on the 
observed signals. 
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For t h e  Surveyor  s t r a i n  gage s y s t e m ,  ( 7 )  t h e  l i m i t i n g  
f i l t e r  i s  a t  t h e  Deep Space Net r e c e i v i n g  s t a t i o n .  That  i s ,  
o t h e r  f i l t e r s  i n  t h e  sys tem are  s i g n i f i c a n t l y  l e s s  r e s t r i c t i v e  
t h a n  a t  t h e  r e c e i v i n g  s t a t i o n ,  and t h e  n e t  e f f e c t  of  a l l  of  
t h e  f i l t e r s  i n  t h e  s y s t e m  i s  a p p r o x i m a t e l y  t h e  same as t h a t  
due t o  t h e  f i l t e r  a t  t h e  r e c e i v e r .  A r e s t r i c t i v e  f i l t e r  i s  
r e q u i r e d  a t  t h i s  p o i n t  i n  order  t o  improve t h e  s i g n a l - t o - n o i s e  
r a t i o .  

I n  what f o l l o w s ,  t h e n ,  w e  w i l l  c o n s i d e r  o n l y  a 
s i n g l e  f i l t e r  which i s  c h a r a c t e r i z e d  b y  a s i n g l e  parameter, 
t h e  c u t o f f  f r e q u e n c y ,  which i s  t h e  p o i n t  a t  which t h e  f r e q u e n c y  
r e s p o n s e  has f a l l e n  b y  3 d b  r e l a t i v e  t o  i t s  r e s p o n s e  t o  a 
d . c .  s i g n a l .  The f r e q u e n c y  r e s p o n s e  J ( f )  i n  db i s  g i v e n  b y  

J ( f )  = 20 loglo A ( f )  (1) 

where A ( f )  i s  t h e  ampl i tude  r e s p o n s e  t o  a u n i t  a m p l i t u d e  s i n e  
wave i n p u t  o f  f r e q u e n c y  f .  

f r e q u e n c y  a t  which J ( f )  i s  e q u a l  to -3db. 

Deep Space Net r e c e i v i n g  s t a t i o n  d u r i n g t h e  Surveyor  I m i s s i o n  was 
a 6 t h  o r d e r  B u t t e r w o r t h  f i l t e r  w i t h  a c u t o f f  f r e q u e n c y  of  
56 Hz. ( 7 )  We w i l l  assume t h a t  t h i s  f i l t e r  r e p r e s e n t s  t h e  
r e s p o n s e  of t h e  s y s t e m .  The 3 db f r e q u e n c y  f o  may change from 
m i s s i o n  t o  m i s s i o n  w i t h i n  t h e  Surveyor  Program depend ing  on t h e  
p r e c i s e  r e q u i r e m e n t  of t h e  o v e r a l l  t e l e m e t r y  s y s t e m .  To a l l o w  
t h e  r e s u l t s  of t h i s  s e c t i o n  t o  be ex tended  t o  c a s e s  where t h e  
c u t o f f  f r e q u e n c y  i s  o t h e r  t h a n  56 Hz,  w e  w i l l  a l s o  s t u d y  t h e  
s t r a i n  gage t r a c e s  as t h e y  a p p e a r  a f t e r  p a s s i n g  t h r o u g h  a 6 t h  
n r r l e r  B u t t e r w o r t h  f i l t e r  hav ing  a c u t o f f  f r e q u e n c y  o f  20  Hz. 
I n  a d d i t i o n ,  w e  w i l l  c o n s i d e r  c e r t a i n  p r o p e r t i e s  of  t h e  f i l t e r  
p a r a m e t r i c a l l y  w i t h  f r e q u e n c y .  However, t h i s  s t u d y  i s  based 
s o l e l y  on t h e  u s e  of a 6 t h  o r d e r  B u t t e r w o r t h  f i l t e r ,  and 
s h o u l d  t h e  a s sumpt ion  about  t h e  r e l a t i v e  impor t ance  o f  t h e  
f i l t e r s  or a b o u t  t h e i r  t y p e  change ,  t h e  e n t i r e  pi-obiem miclst 
b e  r e c o n s i d e r e d .  

The c u t o f f  f r e q u e n c y  f o  i s  t h e  

The f i l t e r  used  f o r  t h e  s t r a i n  gage c h a n n e l  a t  t h e  

A B u t t e r w o r t h  f i l t e r ,  which i s  a l s o  c a l l e d  a maxi- 
m a l l y  f l a t  low-pass f i l t e r ,  i s  d e f i n e d  to p o s s e s s  t h e  f o l l o w -  
i n g  f r e q u e n c y  r e s p o n s e  ( 8 )  

1 A ( f )  = 

[’ + (+o)2n]1’2 
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where A i s  t h e  a m p l i t u d e  r e s p o n s e  a t  f r e q u e n c y  f ,  n i s  t h e  
o r d e r  o f  t h e  f i l t e r  and f o  i s  t h e  c u t o f f  f r e q u e n c y .  The 
t r a n s f e r  f u n c t i o n  and t h e  impulse  r e s p o n s e  f u n c t i o n  of  a 6 t h  
o r d e r  B u t t e r w o r t h  f i l t e r  are  t a b u l a t e d  i n  T a b l e  111; t h e  
impu l se  r e s p o n s e  f u n c t i o n  i s  shown i n  F i g u r e  26 .  

The f i l t e r e d  s t r a i n  gage  s igna l .  R(t) i s  o b t a i n e d  
f rom t h e  i n p u t  s i g n a l  r ( t )  th rough  t h e  r e l a t i o n  

where i ( t l )  i s  t h e  impu l se  r e s p o n s e  a t  t i m e  t '  a f t e r  t h e  i m p u l s e .  
The i n t e g r a l  i s  s o l v e d  i n  t h e  computer  program b y  u s i n g  a s t e p  
f u n c t i o n  a p p r o x i m a t i o n  t o  t h e  c u r v e s  r ( t )  and i ( t ) .  

F i g u r e s  27 t h r o u g h  30 show t y p i c a l  f i l t e r e d  s t r a i n  
gage  o u t p u t s  i n  compar ison  w i t h  t h e  o r i g i n a l  s i g n a l .  F i g u r e s  
27 and 28 show t h e  o l d  and t h e  new shock  a b s o r b e r ,  r e s p e c t i v e l y ,  
a t  a c u t o f f  f r e q u e n c y  o f  56 Hz. The c u r v e s  a re  r e p e a t e d  i n  
F i g u r e s  29 and 30 f o r  a c u t o f f  f r e q u e n c y  of  20 Hz. 

t r a c e  i s  t h e  r e d u c t i o n  of t h e  i n i t i a l  v a l u e  of  t h e  t r a c e  ( t = O )  
t o  z e r o .  T h i s  c l e a r l y  a r i s e s  f rom t h e  l i m i t e d  passband  o f  t h e  
f i l t e r .  I n  a d d i t i o n ,  however, t h e r e  are  two i m p o r t a n t  e f f e c t s  
which w e  w i l l  c o n s i d e r  i n  g r e a t e r  d e t a i l :  the s v e r s h c o t  and 
the d e l a y .  I n  o r d e r  t o  f a c i l i t a t e  the d i s c u s s i o n ,  we will 
d e t e r m i n e  t h e  e f f e c t  of t h e  f i l t e r  on a v e r y  s i m p l e  waveform. 
From t h i s  i t  i s  t h e n  p o s s i b l e  t o  a c h i e v e  a q u a l i t a t i v e  under -  
s t a n d i n g  of tile e f f e c t  of t h e  f i l t e r  cr: a mcre c c m p l i c a t e d  
i n p u t  waveform. 

The s t a n d a r d  waveform and t h e  e f f e c t s  which we w i l l  
c o n s i d e r  a r e  i l l u s t r a t e d  i n  F i g u r e  31. It c o n s i s t s  s imply  o f  
a l i n e a r  ramp which r i s e s  t o  wi l t  v a l u e  in a tiiiie i (the r i s e  
t i m e ) ,  a f t e r  which i t  m a i n t a i n s  a p l a t e a u  v a l u e  a t  u n i t  a m p l i t u d e .  

An obv ious  e f f e c t  o f  t h e  f i l t e r  on the s t r a i n  gage  

The r e s p o n s e  of  t h e  f i l t e r  t o  t h e  s t a n d a r d  i n p u t  
s i g n a l s  i s  shown i n  F i g u r e  32 f o r  s e v e r a l  v a l u e s  of  t h e  r i s e  
t i m e .  It i s  c l e a r  t h a t  t h e  f i l t e r  p r o d u c e s  a d i s t i n c t  o v e r s h o o t  
and  t h a t  t h e  o v e r s h o o t  d e c r e a s e s  as  t h e  r i s e  t i m e  i n c r e a s e s .  
The o v e r s h o o t  i s  p r e s e n t e d  a s  a f u n c t i o n  o f  t h e  r i s e  t i m e  i n  
F i g u r e  33. F o r  a c u t o f f  f r equency  o f  56 Hz,  o n l y  a small 
o v e r s h o o t  r e s u l t s  f o r  a r i s e  t ime g r e a t e r  t h a n  .02 s e c o n d s .  
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The second feature which is apparent in Figure 31 
is the delay. It may be shown from analysis of the transfer 
function for the Butterworth filter that an input signal 
which is linear with time produces an output signal which 
has the same shape but which is delayed by an amount 

tD = .615/fo (4) 

if one disregards the transients associated with the initiation 
of  the signal. The transients have a decay constant greater 
than IT fo/2, so that they are important only for about l / f o  

seconds following an abrupt change in the signal. 

In the case of Surveyor I, if the input signal is 
approximated by a linear rising signal, the output signal re- 
ceived at earth would also be a linearly rising signal delayed 
by 11 milliseconds. The first .02 seconds following the start 
of the input signal would be dominated by the transients. 

The implication of this information on the inter- 
pretation of the strain gage traces from Surveyor I is clear. 
The first 20 milliseconds of signal show the characteristics 
of the filter, not of the actual strain gage signal. The 
signal as received is delayed approximately 11 milliseconds; 
the delay is appropriate to linear sections of the input signal. 
These results are shown clearly in Figure 28. 

If the cutoff frequency of the filter is altered, 
the qualitative effect of the filter is unchanged as long as 
the type of filter remains the same. However, the quantita- 
tive value of the effects will change. The cutoff frequency 
has been retained in all the relations in order that the 
appropriate values may be easily calculated. 

With reference to Figures 29 and 30,  it may be 
seen that even with a cutoff frequency as low as 20 Hz, the 
general shape of the strain gage trace is i lot  affected b y  the 
presence of the filter. Of course the same statement is true 
at a cutoff frequency of 56 Hz. Even the presence of  the 
overshoot arising from the filter does not alter in any 
sensible way the maximum value of the strain gage force. The 
bumps produced by the filter are of no greater magnitude than 
the fine structure of the simulated strain gage traces. More- 
over, the presence of noise in the received signal (see Figure 24) 
obscures not only the detailed structure of the strain gage 
trace itself, but also any fine structure arising from the 
filter . 
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Consequently we arrive at the conclusion that the 
presence of filters, as specified, in the telemetry channels 
used for the Surveyor strain gage data does not materially 
affect the interpretation of the data. Foreknowledge of this 
conclusion ecables US to discuss the interpretation of the data 
before including the additional complication of the filter in 
the strain gage channel. However, the delay produced by the 
presence of the filter may be of sufficient magnitude to warrant 
consideration in detailed studies of the timing of the sequence 
of events in the touchdown phase of Surveyor landings. 

4.0 CONCLUSIONS 

The purpose of the memorandum has been to explore 
t h e  interpretation of strain gage traces obtained during the 
landing of a Surveyor spacecraft in terms of establishing 
detailed characteristics of a soil model for the lunar surface. 
The use of a soil model in describing the interaction between 
a spacecraft and the lunar surface is essential if it is 
desired to extend the observations to the prediction of results 
for spacecraft having different footpad dimensions. 

The principal results which have been obtained are: 

1) because of the lack of knowledge about the horizontal 
forces acting on the footpad, it is not possible 
to obtain detailed soil characteristics from the 
strain gage traces, and 

2) filters which exist in the strain gage data 
telemetry channel do not produce any serisibie 
change in the interpretation of the data. 
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TABLE I 

Surveyor Parameters Used in the Simulations 

Spacecraft 
Surveyor Mass (at touchdown) 
Touchdown Velocity 

20.0 slugs 
11.7 f't/sec 

Shock Absorber 
Spring force see Figure 4 
Damping coefficient see Figure 3 
Friction force o l d  shock absorber none 

new shock absorber 

40 pounds + .03 X (spring force) 

Crush Block 
Crushing Pressure 
Effective Radius 

Footpad 
Radius 

40 psi 
.34 feet 

.33 feet 
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TABLE I1 

INTERNAL 1 FRICTION 
I .............. 

O 0  -. I I --. . I f 0" 

10" - ..... --- ... - ..... .-.- ... I 

i 

S e t s  o f  Soil Parameters Which Give 
a Surveyor  I Footpad P e n e t r a t i o n  
Depth o f  0 .25 F e e t  (See  R e f e r e n c e  1) 
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. TABLE I11 

E q u a t i o n s  for a 6th Order  B u t t e r w o r t h  F i l t e r  

A .  T r a n s f e r  F u n c t i o n  

3 w o A .  
s - w c  h ( s )  = C 

j =1 o j  

B. Impulse  Response Func t ion  

3 o a t  
z e  j (Rj C O S W ~  b . t  - I .  sinwO b j t )  

J J 0 
r ( t )  = 2o  

j=1  

where 

1 
A = .204 + i ( . 3 5 4 )  - 

c , - c ~ ~ ~ c l - c , ~ ~ c l - c ~ ) ( c , - c 3 ) ( c  -C*’ A1 - ( 1 3’ 

1 
& = -1.524 - 

A2 - ( c , - c , ) ( c , - c ~ ) ( c , - c ~ ) ( c  2 -c 3 ) ‘  c 2 - C * )  3 

= 1 .320  - i ( 2 . 2 8 5 )  - 1 - 
( C  -c c -c* c -c c -c c -c “3 3 1)( 3 1)( 3 2 ) (  3 3 $1 

a = R e ( C . )  ; b = I m ( C . )  
j J j J 

= R e ( A . )  ; I = I m ( A j )  
R j  J j 
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F I G U R E  I - FLOW PATTERN FOR INCOMPRESSIBLE MODEL SOIL (FROM REFERENCE 5 )  
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SHOCK ABSORBER STROKE, INCHES 

F I G U R E  3 - COMPARISON O F  THE DAMPING C O E F F I C I E N T  FOR THE 
SURVEYOR SHOCK ABSORBER. DAMPING CREATES A 
FORCE WHICH IS DIRECTED OPPOSITE TO THE 
MOTION O F  THE SHOCK ABSORBER AND WHOSE 
MAGNITUDE I S  THE PRODUCT OF THE DAMPING 
C O E F F I C I E N T  AND THE SQUARE OF THE SHOCK 
ABSORBER STROKE RATE 
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F I G U R E  7 - V A R I A T I O N  OF THE S T R A I N  GAGE TRACE DUE T O  HORIZONTAL FORCES 
A T  THE FOOTPAD. p IS T H E  C O E F F I C I E N T  OF F R I C T I O N  
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F I G U R E  8 - V A R I A T I O N  OF THE S T R A I N  GAGE TRACE DUE T O  HORIZONTAL FORCES 
bT THE FOOTPAD. p IS THE C O E F F I C I E N T  O F  F R I C T I O N  



2000 

1600, 

1200, 

0 
1 
2 

- 

I I I I 
INTERNAL FR I CT I ON ANGLE: 30' 

DENS ITY: 3 SLUGS/FT3 - 
COHESION: .04 PSI 

SURFACE BEARING STRENGTH: 2.7 PSI - 
SHOCK ABSORBER: OLD 

800 

400 

0 

TIME. SECONDS .- 

FIGURE 9 - VARIATION OF THE STRAIN GAGE TRACE DUE TO HORIZONTAL FORCES 
AT THE FOOTPAD. p I S  THE COEFFICIENT OF FRICTION 
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FIGURE IO - VARIATION OF THE STRAIN GAGE TRACE DUE TO HORIZONTAL FORCES 
AT THE FOOTPAD. p IS THE COEFFICIENT OF FRICTION 
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F I G U R E  13 - COMPARISON OF STRAIN GAGE TRACES FOR T H E  OLD SHOCK ABSORBER 
ON S O I L S  OF DIFFERENT SURFACE S T A T I C  BEARING CAPACITY 
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FIGURE I 5  - V A R I A T I O N  OF THE STRAIN GAGE TRACE FOR THE OLD SHOCK ABSORBER AS THE 
S O I L  PARAMETERS ARE VARIED. 4 IS THE INTERNAL F R I C T I O N  ANGLE. BOTH 
SETS OF S O I L  PARAMETERS ARE CONSISTENT WITH SURVEYOR I FOOTPAD 
PENETRATION DATA (SEE TABLE I I ) 
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F I G U R E  16 - V A R I A T I O N  OF T H E  S T R A I N  GAGE TRACE FOR T H E  OLD SHOCK ABSORBER AS T H E  S O I L  
PARAMETERS ARE VARIED.  4 IS T H E  INTERNAL F R I C T I O N  ANGLE. BOTH SETS O F  S O I L  
PARAMETERS ARE CONSISTENT WITH SURVEYOR I PENETRATION DATA (SEE TABLE I I ) 
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FIGURE 17 - V A R I A T I O N  OF THE STRAIN GAGE TRACE FOR THE NEW SHOCK ABSORBER AS THE S O I L  
PARAMETERS ARE VARIED. 4 I S  THE INTERNAL F R I C T I O N  ANGLE. BOTH SETS OF S O I L  
PARAMETERS ARE CONSISTENT WITH SURVEYOR I FOOTPAD PENETRATION DATA (SEE 
TABLE I I ) .  THE CROSS HATCHING INDICATES A REGION OF O S C I L L A T I O N  
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FIGURE 18 - VARIATION OF THE STRAIN GAGE TRACE FOR THE NEW SHOCK ABSORBER AS THE S O I L  
PARAMETERS ARE VARIED. g5 I S  THE INTERNAL F R I C T I O N  ANGLE. BOTH SETS OF S O I L  
PARAMETERS ARE CONS I STENT WITH SURVEYOR I FOOTPAD PENETRATION DATA (SEE 
TABLE I I). THE CROSS HATCHING INDICATES A REG ION OF O S C I L L A T I O N  
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FIGURE 19 - THE PEAK S T R A I N  GAGE FORCE PLOTTED AS A FUNCTION OF THE SURFACE 
S T A T I C  BEARING CAPACITY FOR VARIOUS VALUES OF THE INTERNAL 
F R I C T I O N  ANGLE 4. THESE CURVES ARE FOR THE OLD SHOCK ABSORBER. 
THE BEARING STRENGTH SCALE REFERS TO T H E  SURVEYOR FOOTPAD 
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F I G U R E  20 - T H E  PEAK S T R A I N  GAGE FORCE PLOTTED AS A FUNCTION OF T H E  SURFACE 
S T A T I C  BEARING CAPACITY FOR VARIOUS VALUES OF THE INTERNAL 
F R I C T I O N  ANGLE 4. THESE CURVES ARE FOR T H E  NEW SHOCK ABSORBER. 
T H E  BEARING CAPACITY SCALE REFERS T O  T H E  SURVEYOR FOOTPAD 
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F IGURE 21 - EFFECT OF HORIZONTAL FORCES AT THE FOOTPAD ON THE MAXIMUM S T R A I N  
GAGE FORCE. p I S  THE C O E F F I C I E N T  OF F R I C T I O N  BETWEEN T H E  FOOTPAD 
AND THE SURFACE. THE BEARING CAPACITY SCALE REFERS TO THE 
SURVEYOR FOOTPAD 
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FIGURE 22 - EFFECT OF HORIZONTAL FORCES A T  THE FOOTPAD ON THE MAXIMUM 
S T R A I N  GAGE FORCE. p I S  THE C O E F F I C I E N T  OF F R I C T I O N  
BETWEEN THE FOOTPAD AND THE SURFACE. T H E  BEARING CAPACITY 
SCALE REFERS TO THE SURVEYOR FOOTPAD 
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F IGURE 23 - THE EFFECT OF THE TOUCHDOWN VELOCITY, V, ON THE MAXIMUM 
STRAIN GAGE FORCE FOR THE NEW SHOCK ABSORBER. THE BEARING 
STRENGTH SCALE REFERS TO THE SURVEYOR FOOTPAD. 
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F I GURE 25 - COMPAR I SON OF SURVEYOR I DATA WITH S IMULATED STRA IN GAGE DATA 
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F I G U R E  26 - IMPULSE RESPONSE FUNCTION OF A 6 t h  ORDER BUTTERWORTH F I L T E R .  
N O T I C E  THAT BOTH T H E  AMPLITUDE AND THE T I M E  BASE DEPEND ON 
THE CUTOFF FREQUENCY f,. t IS T H E  T I M E  I N  SECONDS, AND f, IS 
I N  H z  
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F I G U R E  27 - EFFECT OF THE F I L T E R  ON THE S T R A I N  GAGE TRACE FOR THE 
OLD SHOCK ABSORBER. THE CUTOFF FREQUENCY f, I S  56 H z  
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FIGURE 28 - EFFECT OF THE FILTER ON THE STRAIN GAGE TRACE FOR THE 
NEW SHOCK ABSORBER. THE CUTOFF FREQUENCY f ,  IS 56 Hz 
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F I G U R E  29 - EFFECT OF THE F I L T E R  ON T H E  S T R A I N  GAGE TRACE FOR T H E  OLD SHOCK 
ABSORBER. T H E  CUTOFF FREQUENCY f, IS 20 H z  
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F I G U R E  30 - EFFECT OF THE F I L T E R  ON T H E  S T R A I N  GAGE TRACE FOR THE NEW SHOCK 
ABSORBER. THE CUTOFF FREQUENCY f, I S  20 H z  
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F I G U R E  31 - STANDARD FUNCTION USED I N  THE OVERSHOOT STUDY 
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FIGURE 32 - FILTERED OUTPUT FOR STANDARD INPUT (RAMP) SIGNAL SEE 
FIGURE 31 FOR TERMINOLOGY. THE CUTOFF FREQUENCY OF THE 
FILTER WAS 50 Hz 
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